Introduction
In elderly patients suffering from ischemic cardiomyopathy, mitral regurgitation (MR) is a common valvular heart disease with increasing prevalence. 1 Remodeling of the ischemic myocardium leads to dilation of the left ventricle and of the mitral annulus with consecutive papillary muscle displacement and therefore dysfunction. The tension on the mitral leaflets may result in restricted valvular closure and consecutive central regurgitation. 2 Therapeutic options are surgical valve replacement or reconstruction techniques, depending on the underlying disease and reason for MR. 3 Surgical reconstruction of the valve-so-called surgical ring annuloplasty-includes implantation of a mitral annuloplasty ring for the reduction in the mitral annular area and avoiding further dilation of the annulus. When added to conventional coronary artery bypass grafting surgery, mitral valve repair with restrictive annuloplasty has been shown to be a favorable treatment option for patients with ischemic secondary MR. 4 Unfortunately, the success of surgical mitral annuloplasty is often limited by persistent or recurrent MR, especially in patients with ischemic, functional MR. A recent study revealed 58.8% recurrence of moderate or severe regurgitation within 2 years after surgical annuloplasty in ischemic MR
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Abstract
Background Transcatheter valve-in-ring strategies have been developed to treat recurrent mitral regurgitation (MR) after failing surgical annuloplasty. However, suboptimal THV expansion with consecutive paravalvular leakage (PVL) is a procedure-immanent issue. Methods A rigid, saddle-shaped ring was cut at four locations. The segments were reconnected with pull-springs, rearranged to the original shape, and covered with a sewing cuff. The length of the annuloplasty ring construct, including extended pullsprings, was defined by the perimeter of an appropriate THV. We deployed a Sapien XT within the new ring, expanded it to its maximum extent, and investigated the geometrical changes. Results Fluoroscopy confirmed oval, saddle-shaped ring before dilation. After THV implantation, the ring segments spread apart and pull-springs were stretched. The extended ring changed its configuration from "oval" to "round" and anchored the THV leaving no paravalvular or central gaps as potential source for PVL. Conclusion We developed an expandable annuloplasty ring that is perfectly concerted to THV implantation. This proof-of-concept study revealed no PVL and good oversizing ability that might impact future annuloplasty ring design. Further studies have to evaluate durability and device safety.
patients. 5 In case of failure of surgical mitral annuloplasty, prosthetic valve replacement is necessary. However, this complex redo operation in a demanding patient population is often associated with significant morbidity and mortality. In high-risk patients with aortic or pulmonary valve diseases, minimally invasive transcatheter strategies have been proven to be beneficial for the postoperative outcome and long-term survival. 16 Multiple studies addressed these problems and described closure of residual leakage with plugs and occluders, which meant downsizing of the implanted THV in all reported cases. Also, different sizing strategies have been described. 11, 15, 17, 18 However, so far no study exists that proposes satisfactory solutions to these problems, and the overall results of TMVIR, summarized in the VIVID registry, report more than moderate regurgitation in 14.8% after TMVIR, but only 2.6% in TMVIV. Also, the composite endpoint of 30-day survival and freedom of more significant MR or clinically evident LVOT obstruction is only 71.6% for TMVIR, whereas it is 88.8% after TMVIV.
Video 1
Expansion of a Sapien XT in a naïve, oval, and rigid annuloplasty ring. THV implantation in a naïve, oval, and rigid annuloplasty ring reveals paravalvular gaps even after overexpansion of the THV. Online content including video sequences viewable at: https://www. thieme-connect.com/products/ejournals/html/doi/10-1055-s-0037-1598029-tcs-16-4598-v1.mp4.
In a recent publication, we presented a new surgical ring concept, which addresses these issues. 19 We developed an expandable mitral annuloplasty ring that fully adjusts to THV expansion. The new annuloplasty ring is expanded in its diameter by THV dilation, and it changes its shape from oval to round. These ring properties provide better THV oversizing capacities and reduce the risk of paravalvular or central leakage.
In the present study, we demonstrate a modified, even simpler mitral annuloplasty device that provides similar expansion and reshaping properties as the reported annuloplasty ring. The current ring is constructed to facilitate TMVIR procedure and overcome the discussed pitfalls and problem, thus rendering TMVIR safer in high-risk patients with recurrent MR.
Material and Methods

Ring Design
A rigid and saddle-shaped annuloplasty ring (Profile 3D, Medtronic Inc., Minneapolis, United States) was cut at four predefined locations, for example at 3, 6, 9, and 12 o'clock. The four segments were then reconnected with small pullsprings, rearranged to the original shape conserving its three-dimensional (3D) and oval structure, and covered with a new sewing cuff (►Figs. 1A-D, -2A, B). The length of the annuloplasty ring construct, including the four ring segments and the completely extended pull-springs, was defined by the perimeter of an appropriate THV.
Implantation of Transcatheter Heart Valve into Our New Annuloplasty Ring
This new annuloplasty ring was introduced and fixed in a mock setup model of a heart, consisting of Styrofoam (►Fig. 2C). Then, we deployed a 23-mm THV (Sapien XT, Edwards Life Sciences, Unterschleißheim, Germany) of larger perimeter within the new annuloplasty ring (►Fig. 2D). The correct positioning of the THV within the annuloplasty ring was confirmed (►Fig. 3A) and the crimped Sapien XT was then expanded stepwise (►Fig. 3B, C). During the process of TMVIR implantation, the conformational changes of the new annuloplasty ring were recorded simultaneously via fluoroscopy (►Video 2; Veradius mobile C-arm, Philips, Amsterdam, The Netherlands). To securely anchor the THV to the ring, the dilation balloon of the deployment catheter was expanded to its maximum extent (►Fig. 3D).
Video 2
Sapien XT implantation in our expandable annuloplasty ring. High-pressure balloon dilation of a 23-mm Sapien XT within our new annuloplasty ring shows conformational change from oval to round. Note the enlarged gaps between the four separated ring segments with expanded pull-springs. Online content including video sequences viewable at: https://www. thieme-connect.com/products/ejournals/html/doi/10-1055-s-0037-1598029-tcs-16-4598-v2.mp4.
Results
The implantation process of TMVIR was continuously monitored via fluoroscopy, as mentioned earlier. Before deployment of the Sapien XT valve into our new annuloplasty ring, the latter appeared oval and the correct position of the four connected ring segments in the ring's original, 3D conformation was clearly visible (►Fig. 3A). Before expansion of the THV, the pull-springs appeared contracted, connecting the four ring segments tightly to each other.
During the implantation process of the THV, the four ring segments spread wide apart, leaving large gaps between them. Therefore, the ring expanded in a perfectly circular fashion. Oversizing by applying maximum pressure to the dilation balloon of the Ascendra delivery system (Edwards Lifesciences, Irvine, California, United States) caused the pull-springs to stretch. As a result, the new annuloplasty ring changed its configuration from "oval" to perfectly "round" shape. Thus, the ring's shorter diameter expanded from approximately 13 to 23 mm (►Fig. 3A-D; ►Video 2). As a further result, the implanted 23 mm Sapien XT valve was securely attached to the new annuloplasty ring (►Fig. 4). No paravalvular or central gaps that could potentially cause MR were observed.
Discussion
It has been demonstrated that transcatheter aortic VIV implantation may obviate the need for redo surgery as did TMVIV and TMVIR implantations.
10 Taken into account the success of THV implantation in aortic and mitral position, THV implantation in VIR technique was suggested.
9,20-22
Most studies showed improvement of hemodynamic parameters and postinterventional functional status, thus demonstrating feasibility of this TMVIR technique.
11,23-26
Nevertheless, differences in geometry and structure of the utilized annuloplasty rings and THVs, respectively, raised unforeseen technical problems. 13, 14, 19 This provoked intensive research on the optimal match between diverse commercially available annuloplasty rings and THVs. Different studies conducted in large animals and selected patients described multiple combinations of annuloplasty rings and THVs, respectively, and reported feasibility of VIR implantation in certain ring/THV combinations. 12, 26 However, some issues could not be addressed so far: The combination of some rings with THV devices does not allow appropriate oversizing of the THV within the annuloplasty ring. Furthermore, rigidity of the ring's material and its configuration, for example oval and saddle-shaped, resulted in more than mild remaining MR. This was caused by unexpected and undesirable morphologic changes of the expanded THV on the one hand, and paravalvular leakage (PVL) in the areas where the expanded, round THV does not seal the edges of the oval, longitudinal diameter of the THV on the other hand.
13,14,19
Bapat addressed this problem of ring/THV mismatch and created an application (app) that indicates issues caused by configurational mismatch between different possible combinations of THVs and annuloplasty rings. According to this app, VIR procedure with the Sapien XT valve is not recommended for the frequently used rigid and oval, often also saddleshaped mitral annuloplasty rings (e.g., Edwards GeoForm ring, which has comparable geometrical and material properties as the Medtronic Profile 3D ring), due to the high risk of paravalvular leak and Sapien valve deformation.
27
To overcome PVL, some interventionists used vascular occluders to seal paravalvular leaks between the circular THV and the longitudinal diameter edges of the oval annuloplasty ring in the same manner as after THV implantation in failing surgical bioprosthesis. 28 Because of technical challenges of this strategy, it is not a favorable option in terms of a perfect configurational match between the THV stent frame and the original annuloplasty ring. As the round configuration of a high-pressure balloon-expandable THV is essential for its durability and performance, the annuloplasty ring is the device whose shape and properties should be addressed. Various commercially available annuloplasty rings exist whose material properties range from rigid to flexible, and whose shape may be any combination of oval or D-shaped, and flat or saddle-shaped, 3D. In this variety of ring devices, THV implantation may be difficult due to inappropriate THV expansion-resulting in downsizing of the THV, as mentioned earlier.
11,12,14,15,17
Therefore, we developed this new technical concept for an expandable and transformable mitral annuloplasty ring, which is tailored to provide perfect properties for subsequent THV implantation and oversizing. To fulfill these demands, we introduced four predefined breaking points into an oval, saddle-shaped Medtronic Profile 3D annuloplasty ring, permitting the ring to separate into four independent segments. The segments were then reconnected with pull-springs and the ring was rearranged to its original shape and covered with a new sewing cuff. The perimeter of the annuloplasty ring construct, including the extended pull-springs, was defined by the perimeter of an appropriately oversized THV. Subsequent VIR implantation with an Edwards SAPIEN XT 23 mm valve in the new annuloplasty ring was evaluated using fluoroscopy. The new properties of our expandable mitral annuloplasty ring prevented paravalvular and central leakage and permitted adequate oversizing of the THV within the new ring. Therefore, similar results may be expected with larger balloon-expandable valves.
In TMVIR procedures besides leakage, a major issue is the short landing zone so that depending on positioning of the valve, LVOT obstruction can occur. However, the radio-opaque landing zone of an annuloplasty ring might be a considerable advantage for the later deployment of a THV. Also, expansion and oversizing of a THV in the mitral annulus with possible lateral displacement of the native mitral valve anterior leaflet are associated with the risk of LVOT obstruction. 16 A helpful tool to preventatively encounter these problems is the recently suggested "concept of the D-shaped annulus" assessment for transcatheter mitral valve implantation using multidetector computed tomography scans. It emphasizes the importance of measuring the LVOT dimension, mitral valve Further studies have to be conducted regarding safety and efficacy of our new annuloplasty ring. To assess the durability of our annuloplasty ring, material studies and fatigue testing (pulse duplicator) will be necessary to identify the best material for the pull-springs and their connection to the ring segments as well as the core segments of the ring. Furthermore, long-term studies in larger animals (e.g., pigs) have to evaluate device safety as well as the risk of LVOT obstruction and mitral annulus rupture in vivo.
Our new concept of an expandable mitral annuloplasty ring may be applied to the plethora of already existing and commercially available ring devices, and we suppose that this concept may also be transferable to different self-expanding devices after their perimeter-controlled pre-dilation. Taken into account that small surgical mitral valves are associated with a substantial risk of high gradients after THVIV implantation-as reported by the VIVID registry-our new concept could also be introduced into these surgical valves. This might qualify these smaller surgical mitral valves for subsequent implantation of larger THV devices. One limitation of our work is that we examined our new ring concept only in this single ex vivo study. Hence, our ring device has to be evaluated in vivo in large animals (pigs).
Conclusion
Surgical mitral annuloplasty with various ring devices is a valuable treatment option for patients with secondary and primary mitral valve regurgitations. Especially in patients with recurrent MR after surgical treatment of ischemic regurgitation, redo surgery with valve replacement may be associated with high morbidity and mortality. In this respect, minimally invasive transcatheter strategies have been tested. However, frequent issues encountered by TMVIR procedure are suboptimal THV expansion and considerable paravalvular or central leakage due to the oval configuration of the often rigid annuloplasty rings. This results in a demand for new generations of annuloplasty rings in the emerging field of VIR treatment. Hence, for better treatment of high-risk patients with recurrent MR, we developed an expandable annuloplasty ring that is perfectly concerted to THV implantation. Our proof of concept in a mock model revealed no paravalvular and central gaps, but great oversizing capacities. It could therefore inspire future annuloplasty ring design. Further in vivo studies in large animals have to evaluate device durability and safety in terms of LVOT obstruction or annulus rupture. Furthermore, this concept could be introduced in surgical valve bioprosthesis to enable later THV implantation without the need of downsizing. 
